
Published: December 22, 2010

r 2010 American Chemical Society 998 dx.doi.org/10.1021/ja108948z | J. Am. Chem. Soc. 2011, 133, 998–1006

ARTICLE

pubs.acs.org/JACS

A Generalized Ligand-Exchange Strategy Enabling Sequential Surface
Functionalization of Colloidal Nanocrystals
Angang Dong,*,†, ) Xingchen Ye,† Jun Chen,‡ Yijin Kang,† Thomas Gordon,† James M. Kikkawa,§ and
Christopher B. Murray*,†,‡

†Department of Chemistry, ‡Department ofMaterials Science and Engineering, and §Department of Physics & Astronomy, University of
Pennsylvania, Philadelphia, Pennsylvania 19104, United States

)The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

bS Supporting Information

ABSTRACT: The ability to engineer
surface properties of nanocrystals
(NCs) is important for various appli-
cations, as many of the physical and
chemical properties of nanoscale ma-
terials are strongly affected by the sur-
face chemistry. Here, we report a facile
ligand-exchange approach, which en-
ables sequential surface functionalization
and phase transfer of colloidal NCs while preserving the NC size and shape. Nitrosonium tetrafluoroborate (NOBF4) is used
to replace the original organic ligands attached to the NC surface, stabilizing the NCs in various polar, hydrophilic media such as
N,N-dimethylformamide for years, with no observed aggregation or precipitation. This approach is applicable to various NCs (metal
oxides, metals, semiconductors, and dielectrics) of different sizes and shapes. The hydrophilic NCs obtained can subsequently be
further functionalized using a variety of capping molecules, imparting different surface functionalization to NCs depending on the
molecules employed. Our work provides a versatile ligand-exchange strategy for NC surface functionalization and represents an
important step toward controllably engineering the surface properties of NCs.

1. INTRODUCTION

Inorganic nanocrystals (NCs) are useful in many areas includ-
ing electronics,1-3 optoelectronics,4-6 catalysis,7-9magnetics,10-13

and biotechnology,14-16 due to their unique size- and shape-
dependent properties. Because of recent advances in colloidal
chemistry, the inventory of monodisperse NCs has been expanded
from metals17,18 and semiconductors19-21 to magnetic10,22,23 and
dielectric16,24 materials. Most synthetic routes to high-quality NCs
with tunable sizes and shapes predominantly employ long hydro-
carbonmolecules containing a coordinating headgroup such as oleic
acid (OA) and oleylamine (OAm) as ligands,25 which sterically
stabilizeNCs in nonpolar, hydrophobic solvents as well as play a key
role in the self-assembly of ordered NC arrays or superlattices.26

However, the presence of such bulky capping molecules creates an
insulating barrier around each NC and blocks the access of
molecular species to the NC surface, which is detrimental for elec-
tronic2,27 and catalytic28 applications. In addition, biological applica-
tions generally require NCs to be fully dispersible in hydrophilic or
aqueous media without property degradation.29-31 To address
these problems, the as-synthesized NCs must undergo surface
treatment or modification, typically by replacing the original ligands
with specifically designed species through a ligand-exchange
process.32 To transfer NCs into aqueous media, a number of

nonexchange approaches have also been developed by using amphi-
philic molecules to coordinate with the surface ligands through
hydrophobic van der Waals interactions.33-36 Although surface
modification based on ligand-exchange reactions has been actively
explored in various NC systems,37-45 a generalized and efficient
strategy is far from developed. In addition, excluding a few surface
modification approaches that allow reversible phase transfer of
NCs,40,41 most ligand-exchange reactions utilize stronger surface-
binding molecules to displace the original ligands, such that the
exchange process is typically irreversible,2 making it difficult to
further functionalize NCs.

Recently, Talapin and co-workers introduced a new surface-
modification approach using highly nucleophilic metal chalco-
genide complexes (MCCs), such as Sn2S6

4- and In2Se4
2-, for

ligand exchange, allowing phase transfer of NCs from a hydro-
phobic solvent to various hydrophilic media.43,44 The reduced
interparticle spacing that results from the exchange of long
hydrocarbon molecules with the much smaller MCC clusters
enables strong electronic coupling between neighboring NCs,
yielding highly conductive NC films. This surface modification
strategy proves to be applicable to semiconductor (e.g., CdSe and
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Bi2S3, etc.) and metal (e.g., Au) NCs;43 however, extensions of
this approach to other materials such as metal oxides and
dielectrics have not yet been reported. In addition, MCCs are
typically synthesized in the highly toxic and pyrophoric hydrazine
medium, such that the ligand-exchange reactions must be
performed with great caution under inert environment,43-45

which limits the wide application of the approach.
In this work, we report a more generalized ligand-exchange

strategy, which enables sequential surface modification and phase
transfer of NCs without affecting the NC size and shape.
Nitrosonium tetrafluoroborate (NOBF4) or diazonium tetra-
fluoroborate compounds are employed to replace the original
ligands, thus stabilizing the NCs in various polar, hydrophilic
media such as N,N-dimethylformamide (DMF), dimethylsulf-
oxide (DMSO), or acetonitrile. Fourier-transform infrared (FTIR)
spectroscopy, ζ-potential measurements, and thermogravimetric
analysis (TGA) establish the replacement of organic ligands by
inorganic BF4

- anions, which provide electrostatic stabilization
of the NCs in the polar media. The generality of the approach
is demonstrated for various NCs having different compositions,
sizes, and shapes. In comparison with previous surface modifi-
cation strategies, one distinct advantage of the present approach is
that the hydrophilic NCs obtained, regardless of the NC composi-
tion and morphology, can be readily further functionalized by
various capping molecules via a secondary ligand-exchange reac-
tion, allowing fully reversible phase transfer and surface func-
tionalization of NCs. This provides a vast opportunity to engineer
surface properties of NCs by introducing functional capping
molecules.

2. EXPERIMENTAL SECTION

Chemicals. The following chemicals were purchased and used as
received. NOBF4 (97%), 4-bromobenzenediazonium tetrafluoroborate
(96%), NH4BF4, tetramethylammonium tetrafluoroborate, hexylamine
(HAm, 99%), DMSO, DMF, acetonitrile, and dichloromethane were
obtained from Acros. OA (90%), OAm (70%), 4-nitrobenzenediazo-
nium tetrafluoroborate (97%), and poly(vinyl pyrollidone) (PVP,
average MW ∼55 000) were purchased from Aldrich. Tetradecylphos-
phonic acid (TDPA, 97%) was obtained from Alfa Aesar.
Synthesis and Purification of Colloidal NCs. All preparative

procedures were conducted using standard Schlenk-line techniques in
dry glassware under a dry N2 atmosphere. Monodisperse Fe3O4,

22 FePt,10

and CoPt3
23 NCs, TiO2 nanorods (∼3 nm � 20 nm),46 Bi2S3 nanorods

(∼8 nm� 80 nm),47 and rare-earth doped upconversionNaYF4 nanorods
(∼30 nm � 50 nm) and hexagonal nanoplates (∼200 nm � 100 nm)24

stabilized by OA and/or OAm were synthesized according to literature
methods. The as-synthesized NCs were purified by precipitation with the
addition of ethanol, and the precipitatedNCswere redispersed in hexane to
form stable colloidal dispersions with concentrations of 1-10 mg/mL.
Ligand-Exchange Reactions of Colloidal NCs. In a typical

process, 5 mL of NC dispersion in hexane (∼5 mg/mL) was combined
with 5 mL of dichloromethane solution of NOBF4 (0.01 M) at room
temperature. The resulting mixture was shaken gently until the pre-
cipitation of NCs was observed, typically within 5 min. After centrifuga-
tion to remove the supernatant, the precipitated NCs can be redispersed
in various hydrophilic media such as DMF, DMSO, or acetonitrile. To
purify NCs, toluene and hexane (1:1 by volume) were added to
flocculate the NC dispersion. After centrifugation, the aforementioned
polar solvent was added to redisperse NCs to form a stable colloidal
dispersion. This ligand-exchange reaction can also be carried out based
on a phase transfer process. In this procedure, the NC hexane dispersion
was first combined with acetonitrile to form a two-phase mixture, into

which an appropriate amount of NOBF4 was added. The resulting
mixture was stirred until NCs were transferred from the upper hexane
layer to the bottom acetonitrile layer, typically within 5min. The surface-
modified NCs were then purified by precipitation with the addition of
toluene, and the precipitated NCs were redispersed in various hydro-
philic media.

The ligand-exchange reactions with diazonium tetrafluoroborate
compounds such as 4-nitrobenzenediazonium tetrafluoroborate or
4-bromobenzenediazonium tetrafluoroborate were conducted as fol-
lows. The NC hexane dispersion was combined with DMF to form a
two-phase mixture, into which an appropriate amount of 4-nitroben-
zenediazonium (or 4-bromobenzenediazonium) tetrafluoroborate was
added. The resulting mixture was vigorously stirred until NCs were
transferred from the upper hexane layer to the bottom DMF layer,
typically within 30min. NCs were purified following the same procedure
as described above.
Secondary Ligand-Exchange Reactions of NCs. The hydro-

philic NCs obtained by NOBF4 or diazonium tetrafluoroborate treat-
ments can be further functionalized by various capping molecules such
as OA, OAm, TDPA, or HAm through a secondary ligand-exchange
reaction, enabling fully reversible phase transfer of NCs between
hydrophobic and hydrophilic media. In a typical process, 5 mL of
hexane was first combined with a DMF dispersion of the hydrophilic
NCs (5 mL, ∼5 mg/mL) to form a two-phase mixture, into which an
appropriate amount of the aforementioned capping molecules was
added. A subsequent brief shaking (∼1 min) led to the phase transfer
of NCs from the DMF layer to the hexane layer, indicating the successful
binding of organic ligands to the NC surface. The NCs were precipitated
by addition of ethanol. After centrifugation to remove the supernatant,
the precipitated NCs were redispersed in hexane to form a stable
colloidal dispersion. When HAm was used as the capping molecules,
toluene instead of hexane was used to redisperse NCs. To transfer NCs
to an aqueous medium, PVPwas used for the secondary ligand-exchange
reaction. Briefly, 50 mg of PVP was added into a DMF dispersion of
the hydrophilic NCs (5 mL, ∼5 mg/mL) followed by vigorous stirring
(30 min). The NCs were precipitated by addition of acetone, and the
precipitated NCs were redispersed in water to form a stable dispersion.
Characterization. Transmission electron microscopy (TEM)

images were recorded using a JEOL-1400 TEM equipped with a
SC1000 ORIUS CCD camera operating at 120 kV. The sample was pre-
pared by drop-casting a NP dispersion on a carbon-coated TEM grid
followed by drying in air. Magnetization measurements of Fe3O4 NCs
were performed on a superconducting quantum interference device
(SQUID) from Quantum Design. FTIR spectra were acquired in the
transmission mode using a Nicolet 8700 FTIR spectrometer. The
samples were prepared by drop-casting concentrated NC dispersions
on KBr substrates (International Crystal Laboratories) followed by
drying in air to form a thin NC film. To quantitatively compare FTIR
spectra before and after ligand exchange, the absorbance was normalized
to the weight of the absorbing materials deposited per unit area of the
substrate, and the spectra were baseline-corrected.43 Dynamic light
scattering (DLS) and ζ-potential data were collected on a Beckman
Coulter Delsa Nano-C system. TGA was conducted using a TA
Instruments SDT Q600 at a heating rate of 5 �C/min under N2.
Upconversion luminescence spectra of rare-earth doped NaYF4:Yb/Er
and NaYF4:Yb/Tm NCs were recorded on a USB4000 fluorescence
spectrometer (Ocean Optics) under 980 nm excitation using a diode
laser (power density of∼50 mW/cm2). Electrochemical measurements
of FePt and CoPt3 NCs were performed on a potentiostat (Epsilon,
Bioanalytical Systems Inc.) equipped with a rotating disk electrode
(RDE). The working electrode was prepared by drop-casting a con-
centrated NC dispersion onto the RDE followed by drying in air. The
Ag/AgCl electrode was used as the reference electrode, with a platinum
coil as the counter electrode and HClO4 (0.1 M) as the electrolyte. The
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cyclic voltammetry measurements were carried out at room temperature
under a flow of nitrogen gas at a sweep rate of 100 mV/s. Formic acid
oxidation reactions were carried out in a solution of 0.1 M HClO4 and
0.5 M formic acid at a sweep rate of 20 mV/s, with the second sweeps
recorded.

3. RESULTS AND DISCUSSION

SurfaceModification of NCs by NOBF4 Treatment. The as-
synthesized NCs are soluble in nonpolar, hydrophobic solvents
such as hexane due to the presence of organic ligands (i.e., OA
and/or OAm) on the NC surface. When the dichloromethane
solution of NOBF4 is added to theNC dispersion in hexane, NCs
are found to precipitate immediately after gentle shaking, in-
dicating a dramatic change in NC solubility as a result of surface
modification. After centrifugation to remove the supernatant, the
precipitated NCs can be readily redispersed in various polar,
hydrophilic solvents such as DMF, DMSO, or acetonitrile to
form colloidal dispersions. In particular, NCs dispersions in
DMF are stable for several years without any detectable aggrega-
tion or precipitation. Attempts to directly redisperse NCs in
water result in partial aggregation, while the addition of a small
amount of DMF in water (∼1:20 by volume) yields stable
colloidal dispersions.
Figure 1 shows TEM images of 10 nm Fe3O4 NCs before and

after NOBF4 treatment, respectively, revealing that the NC size
and shape are preserved and noNC aggregation is observed upon
surface modification (Figure 1A and B). The aggregate-free
nature of the NC dispersions in DMF is further verified by the
monomodal size distributions measured by DLS (Figure 1C).
TEM also shows that the average interparticle spacing is reduced
from 3.0 to 1.2 nm upon NOBF4 treatment, indicative of the
removal of the long hydrocarbon ligands. This reduced inter-
particle distance enhances magnetic dipolar coupling inter-
actions between neighboring Fe3O4 NCs, and as a result the
blocking temperature (TB) increases from ∼127 to ∼147 K

(Figure 1D). The influence of dipolar interactions on TB has
been a matter of some controversy, with many suggesting an
increase with stronger interactions,48-51 while others claim exactly
the opposite.52 The systems discussed here are well suited to test
the effects of interactions because exchange interactions can be
assumed negligible and are consistent with an increase in TB with
increasing dipolar interactions.
Significantly, this surface modification strategy is applicable to

NCs having a variety of compositions, sizes, and shapes, includ-
ing metal oxides such as Fe3O4 (10 nm, Figure 1) and TiO2

nanorods (∼3 nm � 20 nm, Figure 2A), metal alloys such as
FePt (4 nm, Figure 2B) and CoPt3 NCs, semiconductors such as
Bi2S3 nanorods (∼8 nm� 80 nm, Figure 2C), and dielectrics such
as rare-earth doped upconversion NaYF4 nanorods (∼30 nm�
50 nm) and nanoplates (∼200 nm� 100 nm, Figure 2D). It
should be mentioned that our attempts to apply this approach to
other semiconductor quantum dots such as PbS and PbTe result in
unstable colloidal DMF dispersions with significant NC agglom-
eration or fusion (Figure S1).
The hydrophilic nature and the reduced interparticle spacing

of the surface-modified NCs suggest the removal of the original
organic ligands, which is further confirmed by FTIR spectrosco-
py. The FTIR spectra of Fe3O4 NCs in Figure 3A show that the
intensity of the characteristic C-H stretching vibrations at
2800-3000 cm-1 ascribed to OA molecules is noticeably
reduced after surface treatment. The quantitative comparison
shows NOBF4 treatment removes 80-85% of the original OA
molecules attached to the NC surface. We further investigate the
species stripped from the NC surface during the ligand-exchange
process, which are retrieved by drying the supernatant solution
(i.e., hexane and dichloromethane) after the collection of NCs.
The FTIR spectrum of the dried residues is very similar to that of
OA (Figure S2), confirming that OA capping molecules are
indeed displaced from the NC surface during NOBF4 treatment.
The broad band around 3500 cm-1 is assigned to the solvated
water molecules, consistent with the hydrophilic nature of the
NC dispersion. In comparison with the FTIR spectrum of the
untreated NCs, a new peak at 1084 cm-1 emerges after ligand
exchange, which is assigned to BF4

- anions,53 while no bands
ascribed to NOþ (∼2100-2200 cm-1)54 are detectable in the

Figure 1. TEM images of Fe3O4 NCs (A) before and (B) after NOBF4
treatment. The inset in (B) shows the photograph of the BF4

--modified
Fe3O4 NCs dispersed in DMF, with the upper layer of hexane. (C) DLS
measurement of the BF4

--modified Fe3O4 NCs dispersed in DMF,
showing the aggregate-free nature of the colloidal dispersion. (D) Zero-
field-cool magnetizations of Fe3O4 NCs before and after NOBF4
treatment, respectively, showing an increase of the blocking temperature
upon surface modification.

Figure 2. TEM images of the BF4
--modified NCs dispersed in DMF:

(A) TiO2 nanorods (∼3 nm� 20 nm), (B) FePt NCs (4 nm), (C) Bi2S3
nanorods (∼8 nm� 80 nm), and (D) upconversion NaYF4 nanoplates
(∼200 nm� 100 nm). The insets in (B) and (C) show photographs of
the BF4

--modified NCs dispersed in DMF, with the upper layer of
hexane. The inset in (D) shows a high-magnification TEM image.
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FTIR spectrum (Figure 3A). These results suggest an exchange
between the organic ligands and inorganic BF4

- anions. The
remaining new peak around 1650 cm-1 can be attributed to
CdO stretching vibrations of the solvent DMF molecules, as no
peaks in this region are observed when the surface-modified NCs

are redispersed in acetonitrile or DMSO. The presence of DMF
at the NC surface indicates that DMF molecules act as costa-
bilizers to protect NCs from aggregation. This also explains the
exceptionally high solubility and stability of the NC dispersions
in DMF. Notably, very similar FTIR spectra are acquired for

Figure 3. (A) FTIR spectra of Fe3O4 NCs before and after NOBF4 treatment, respectively. (B) FTIR spectra of the BF4
--modified FePt NCs and

upconversion NaYF4 nanoplates, respectively. (C) TGA scans of upconversion NaYF4 nanoplates before and after NOBF4 treatment, respectively.
(D) ζ-Potential measured for the BF4

--modified upconversion NaYF4 nanoplates dispersed in DMF.

Figure 4. Schematic illustration of the ligand-exchange process with NOBF4.
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other surface-modified NCs such as FePt and NaYF4 (Figure 3B),
leading us to conclude that this exchange mechanism is universal
for a variety of NCs having different sizes and shapes.
Figure 3C shows the TGA studies of NaYF4 nanoplates before

and after NOBF4 treatment, respectively, which are collected by
heating the sample from room temperature to 650 �C under N2.
The total weight loss of the surface-modified NCs is only 0.5%,

much lower than that of the untreated sample (∼4%), providing
further evidence for the nearly complete exchange of organic
ligands by inorganic BF4

- anions. Electrophoretic mobility and
ζ-potential measurements show that after surface modification,
NCs dispersed in DMF are positively charged regardless of the
NC compositions (Figures 3D and S3). Because FTIR spectros-
copy confirms the absence of NOþ cations, we attribute the
positive charges to the uncoordinated metal cations arising from
the removal of organic ligands at the NC surface. It is interesting
to note that BF4

- itself does not have a strong binding affinity to
the NC surface, as phase transfer and surface modification of
NCs cannot be achieved in control experiments when NOBF4 is
replaced by NH4BF4 or tetramethylammonium tetrafluorobo-
rate. Unlike NH4

þ or tetramethylammonium cations, NOþ is a
good leaving group as it is readily reduced to NO, which is then
oxidized to NO2 by oxygen during the ligand-exchange process.
On the other hand, NOþ reacts readily with the solvated water
molecules to form nitrous acid (pKa=3.4) and fluoroboric acid
(pKa = -0.4), producing a fairly acidic environment. Even after
purification, the NC dispersion in DMF is acidic with a pH value

Figure 5. Enhanced colloidal solubility and emission intensity of
upconversion NaYF4 nanoplates. Photographs of (A) colloidal disper-
sions and (B) visible upconversion luminescence of NaYF4:Yb/Er
nanoplates before and after NOBF4 treatment, respectively. The NC
concentrations are kept the same before and after surface modification.
(C) Comparison of the upconversion emission spectra of NaYF4:Yb/Er
nanoplates before and after NOBF4 treatment. (D) Comparison of
upconversion emission spectra of NaYF4:Yb/Tm nanoplates before and
after NOBF4 treatment, with the corresponding visible upconversion
luminescence shown in the upper left and upper right insets, respectively.

Figure 6. (A) Cyclic voltammograms of Fe0.5Pt0.5 NCs (4 nm) before
and after NOBF4 treatment, respectively, showing the enhanced active
Pt surface area after surface modification. (B) Formic acid oxidation
polarization curves for Fe0.5Pt0.5 NCs treated with NOBF4 and
TMAOH, respectively.
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of∼3-5. As a result, the rapid removal of NOþ cations results in
a considerable amount of BF4

- anions and protons remaining
in the NC dispersion. We hypothesize that the acidic protons
will facilitate the removal of the original organic ligands by
protonation,40 thus promoting the coordination of the BF4

-

anions with the positively charged surface metal centers (metal
cations or oxidized metal atoms), as schematically illustrated in
Figure 4. The removal of organic ligands and the subsequent
coordination of BF4

- anions and DMF to the NC surface impart
hydrophilicity to NCs. This hypothesis is also supported by the
fact that similar surface modification of NCs by BF4

- anions can
also be achieved by using diazonium tetrafluoroborate com-
pounds such as 4-nitrobenzenediazonium tetrafluoroborate or
4-bromobenzenediazonium tetrafluoroborate. As in the case of
NOBF4 treatment, FTIR spectroscopy shows no evidence of
diazonium cations and confirms the presence of BF4

- anions and
DMF after exchange (Figure S4), implying that the substitution
reaction is likely to be driven by the removal of diazonium
cations.
Colloidal Solubility and Stability of the BF4

--Modified
NCs. As mentioned above, the BF4

--modified NCs are highly
soluble in DMF due to the dual stabilization from BF4

- and
DMF. The NC solubility is even higher than the initial solubility
in hexane, especially for large sized NCs. For example, colloidal
dispersions of OA-capped upconversion NaYF4:Yb/Er nano-
plates (∼200 nm� 100 nm) are unstable in hexane due to their
large size and thus precipitate from the dispersion very quickly
(typically within 10 min). The cloudy appearance of the colloidal
dispersion originating from the strong light scattering demon-
strates the limited NC solubility in hexane (Figure 5A). In
contrast, the solubility is significantly improved when NaYF4
nanoplates are dispersed in DMF after NOBF4 treatment, as
evidenced by the transparency (Figure 5A) as well as the high
stability of the colloidal dispersion. Even highly concentrated
colloidal dispersions (∼5 mg/mL) are stable for several months
without sedimentation or precipitation despite the large NC size.
Notably, this improved NC solubility leads to an enhancement in
upconversion emission intensity, as seen in Figure 5B. We specu-
late that the improved NC solubility reduces the scattering of the
incident laser light, which increases the excitation efficiency and
therefore effectively enhances the emission intensity.
To quantify the emission enhancement, we measure the

photoluminescence spectra of these upconversion NCs by
exciting the colloidal dispersions with a 980 nm diode laser, with
NC concentrations kept constant before and after surface modi-
fication. As compared to the untreated NaYF4:Yb/Er nanoplates
dispersed in hexane, a significant increase in emission intensity
(enhancement factor: ∼2) is observed when the BF4

--modified
nanoplates are dispersed in DMF (Figure 5C). Similarly, this
enhanced emission intensity is also observed for the upconver-
sion NaYF4:Yb/Tm nanoplates (enhancement factor: ∼3)
(Figure 5D), indicating that the enhancement is independent
of the emission wavelength. It should be mentioned that when
smaller upconversionNaYF4:Yb/Er nanorods (∼30 nm� 50 nm),
which can form transparent and stable dispersions in hexane, are
subjected to a similar NOBF4 treatment, the emission intensity
remains virtually unchanged (Figure S5), implying that the observed
emission enhancement for the upconversion NaYF4 nanoplates
indeed results from the improved NC solubility rather than sur-
face capping or solvent effect.
Electrocatalytic Properties of the BF4

--Modified Pt-Based
AlloyedNCs. NCs of Pt-based alloys such as FePt andCoPt3 are

promising electrocatalysts for fuel cell applications.55-58 Recent
efforts to improve the performance of Pt-based catalysts have
been focused on the optimization of particle size, shape, and
composition.28 To enable catalytic applications, the original
organic ligands attached to the NC surface need to be removed,
generally by UV/ozone28,55 or thermal annealing treatment.57,58

However, UV/ozone treatment only works efficiently for very
thin films and is limited to materials that can survive the strong
oxidative environment. Thermal annealing, on the other hand,
can result in sintering or agglomeration of metallic NCs, which
will inevitably reduce the catalytic performance. It is therefore
desirable to design new surface treatment strategies that allow the
removal of organic ligands while preserving the particle's mor-
phology and solution processability. NOBF4 treatment described
here appears to meet all these requirements. Figure 6A shows the
cyclic voltammetry measurements of Fe0.5Pt0.5 NCs (4 nm)
before and after NOBF4 treatment, respectively. As expected, the
nearly featureless voltammogram of the untreated NCs indicates
that the NC surface is completely capped by long hydrocarbon
molecules, blocking the access of hydrogen molecules to the
surface Pt atoms, whereas a dramatic enhancement of the active
Pt surface area is observed after NOBF4 treatment (Figure 6A).
The voltammetric feature of the BF4

--modified NCs is very
similar to that of the sample subjected to UV/ozone treatment,55

indicative of the potential for electrocatalytic applications. In
addition to FePt NCs, CoPt3 NCs show similar enhancement in
the active Pt surface area upon NOBF4 treatment, demonstrating
the generality of this approach. We surmise that BF4

- anions are
likely coordinating with the surface Fe (or Co) cations that are
formed by oxidation, such that the uncoordinated surface Pt
atoms are exposed for hydrogen access, leading to the significant
enhancement in the active Pt surface area.
To evaluate the catalytic activity, we test the electrocatalytic

properties of the BF4
--modified FePt NCs for formic acid

Figure 7. Surface functionalization of the BF4
--modified NCs by a

secondary ligand-exchange process. Photographs of colloidal dispersions
of (A) Fe3O4 and (B) FePt NCs, showing that the BF4

--modified NCs
initially dispersed in the bottom DMF layer are transferred to the upper
hexane layer upon the addition of organic ligands. TEM images of
(C) OA-capped Fe3O4 and (D) OAm-capped FePt NCs after the
secondary ligand-exchange process, showing the self-assembled super-
lattice structure.
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oxidation reactions. The catalytic performance is further as
compared to the same FePt NCs subjected to tetramethylam-
mounium hydroxide (TMAOH) treatment. TMAOH has been
widely used to modify the surface properties of FePt NCs by
replacing the organic ligands, enabling phase transfer of NCs to
aqueous media.38 Previous studies have shown that after
TMAOH treatment, the NC surface is capped by a layer of
hydroxide anions, which in turn is surrounded by a layer of
tetramethylammounium counter cations.38 The polarization curves
representing the oxidation activities of the surface-modified FePt
NCs are normalized to surface areas, which are calculated by
measuring the charge of hydrogen adsorption-desorption.
Although the TMAOH-treated FePt NCs exhibit an active Pt
surface area similar to that of theNOBF4-treatedNCs (Figure S6),
their catalytic activity for formic acid oxidation is much lower
(Figure 6B), suggesting great potential for the present surface
modification approach in catalysis applications.
Secondary Surface Modification of NCs. One of the major

benefits of NOBF4 treatment is that the hydrophilic, BF4
--

modified NCs obtained can be further functionalized by a variety
of capping molecules regardless of the NC composition and
morphology. This allows for fully reversible phase transfer and
surface functionalization of NCs. Upon the addition of organic
ligands such as OA, OAm, TDPA, or HAm to the NC dispersion
in DMF combined with hexane, NCs are found to transfer

immediately (<1 min) from the DMF layer to the hexane layer,
suggesting that NCs are successfully capped by organic ligands
(Figure 7A and B). TEM reveals the preservedNC size and shape
after the secondary surface modification, and the formation of
ordered NC superlattices provides further evidence of the
complete recovery of surface functionalization by organic ligands
(Figure 7C and D). The significantly increased C-H stretching
intensity and the disappearance of BF4

- and DMF characteristic
peaks in the FTIR spectra also confirm the occurrence of the
secondary ligand-exchange reaction (Figures 8 and S7). We
attribute this facile reversed surface modification to the weak
binding affinity of BF4

- anions to the NC surface. In addition to
hydrophobic capping molecules, the BF4

--modified NCs can
also be functionalized by water-soluble polymers such as PVP,
stabilizing NCs in aqueous media without aggregation or pre-
cipitation for several months (Figure S8). The stability of the
colloidal dispersions is further confirmed by DLS, which reveals
the aggregate-free nature of the NC dispersions (Figure S8B).
FTIR spectroscopy confirms the presence of PVP at the NC
surface after the secondary ligand-exchange reaction (Figure 8).
It is noteworthy that no phase transfer is observed in a control
experiment when the original Fe3O4 NC dispersion in hexane is
directly combined with a PVP water solution even after 12 h of
vigorous stirring, justifying the necessity of NOBF4 treatment for
NC surface functionalization. These results demonstrate that

Figure 8. Schematic illustration of the secondary ligand-exchange process, showing the surface functionalization of the BF4
--modified Fe3O4 NCs by

various capping molecules. The right column shows the corresponding FTIR spectra.
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NOBF4 treatment can serve as an intermediate step toward the
systematic surface property engineering of NCs by introducing
delicately designed functional capping molecules.

4. CONCLUSIONS

We have demonstrated a facile and versatile ligand-exchange
strategy to modify the surface properties of NCs by NOBF4
treatment. The replacement of the original organic ligands by
inorganic BF4

- anions enables NCs to be fully dispersible in
various polar, hydrophilic solvents without changing the particle
size and shape. This ligand-exchange strategy is general for a wide
range of colloidal NCs of different sizes and shapes. Upon surface
treatment with NOBF4, the NC solubility in DMF is even higher
than the initial NC solubility in nonpolar solvents, especially for
large sized NCs. The improved NC solubility leads to a sig-
nificant enhancement in luminescence emission intensity origi-
nating from the increased excitation efficiency, as exemplified
by the upconversion NaYF4 nanoplates (∼200 nm�100 nm).
Furthermore, the removal of the bulky organic ligands effectively
exposes the NC surface, increasing the catalytic activity of NCs
while preserving the solution processability, as demonstrated by
FePt NCs. More significantly, the hydrophilic NCs obtained by
NOBF4 treatment can readily undergo secondary surface modi-
fication due to the weak binding affinity of BF4

- anions to the NC
surface, allowing fully reversible phase transfer of NCs between
hydrophobic and hydrophilic media. Although only fairly simplistic
organic ligands are demonstrated for the secondary ligand-exchange
reactions in this work, it is anticipated that the BF4

--modified NCs
can act as intermediates for the surface functionalization of NCs by
more complex capping molecules with programmed functions. The
ability to reliably modify NCs with various molecular species
provides an exciting opportunity to probe the effect that surface
functionalization has on the properties of NCs and NC assemblies,
which is important for designing novel NC-based materials for
electronic, magnetic, catalytic, and biomedical applications.
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